Accurate quantification of soil micro-pore is important for understanding compression deformation and thaw settlement of fine-grained soils, including clay. This study presents mercury intrusion porosimetry (MIP) data on the four types of soil samples before and after freeze-thaw and compression under four different cold-end temperatures. Undisturbed clay specimens were subject to one-directional freeze-thaw in a closed system under different freezing temperatures. The frozen-thawed specimens were divided into three layers and averaged along the height direction for a consolidation test. The mercury intrusion test data were analyzed, and three typical micro-pore parameters including (1) total pore volume, (2) median pore size, and (3) average pore size were selected to quantitatively describe the variation of soil micro-pores before and after freeze-thaw and consolidation. Close correlations were observed between the variation of micro-pore parameters and variation of compression index, pore ratio, water content, and density. This study demonstrates that compared with traditional test methods, MIP can be advantageous in revealing the internal micro-pore change of soil due to freeze-thaw and compression both quantitatively and nondestructively.
INTRODUCTION
The artificial ground freezing method (AGF) has been widely applied in geotechnical engineering (Jessberger, 1980) , such as the freezing method of shaft sinking technology in deep alluvium (Li et al., 2017) , freezing excavation connecting passages and freezing reinforcement for the ends of shield tunnels in urban subway tunnels (Russo et al., 2015; Han et al., 2016; Kang et al., 2016) , and freezing waterproof curtains in deep foundation pits (Fei et al., 2019) . In recent years, the largescale construction of urban underground space in China has accelerated the application of AGF in urban underground buildings and tunnels (Zhou and Tang, 2015b; Tang and Li, 2018) . Engineering practices show that using AGF, the excavation of the connecting tunnels of urban subway tunnels in the Yangtze River Delta area, China, has yielded successful construction (Yang and Zhu, 2005; Zhou and Zhou, 2012; Zhou and Tang, 2015a; Zhao et al., 2016) .
In water-rich soft soil areas, the control of compression deformation of thawed soil under the action of gravity and load of superstructures becomes a difficult and urgent problem to be solved (Hass and Schafers, 2006; Zhou and Tang, 2015a) . The existing research focuses on the external factors that affect the freeze-thaw deformation of soils, such as freezing temperature and temperature gradient (Lagger et al., 2014) , the physical indexes of soil, including water content (Wang D. et al., 2018) , void ratio (Wang et al., 2017; Wang S. et al., 2018) , permeability coefficient (Vitel et al., 2016) , compressibility coefficient (Zhao et al., 2013) , and the external load (Lai et al., 2013; Guan et al., 2015; Yuan et al., 2019a,b) .
The microstructure of soil will be changed under the action of gravity and external loads, and this also changes the mechanical properties of soil (Katti and Shanmugasundaram, 2001; Ouhadi and Yong, 2003; Yamamuro and Wood, 2004; Dananaj et al., 2005; Kikkawa et al., 2013; Zhao et al., 2017) . The macroscopic mechanical behavior of soil is closely related to its microstructure. The combination of macro-and micro-characteristics of soil is of great significance to the study of macro-deformation mechanism and the establishment of a micro-mechanical model of soil (Ouhadi and Yong, 2003; Miao et al., 2007; Cuisinier et al., 2011; Gu et al., 2013) .
This study presents the results of freeze-thaw tests of soft clay under four different cold-end temperatures and consolidation tests before and after freeze-thaw testing. Moreover, mercury intrusion porosimetry (MIP) tests were conducted on four types of soil samples before and after freeze-thaw and compression, including (1) undisturbed soil, (2) compacted soil, (3) soil after freeze-thaw, and (4) soil after freeze-thaw and compacted. Finally, the variation of micro-pores under freeze-thaw and compression was quantitatively calculated, and three parameters (total pore volume, median pore size, and average pore size) were obtained to describe the micro-pore change under freeze-thaw and compression. Combined with the changes of water content, void ratio, and the compression index of soil before and after freezing-thawing and compression, the compression deformation of soil after freezing-thawing can be explained and quantitatively described from a microcosmic point of view.
EXPERIMENTAL PROGRAM
This section describes the index properties of the soil sample, the environmental chamber used to simulate the one-way freezethaw process, the MIP technique, and testing procedures.
Index Properties of Soil Samples
Samples were obtained from 30 to 35 m below the ground surface by a thin-walled sampler (11 cm ID) from a site in Ningbo, China. Figure 1 presents the grain size distribution curve, and Table 1 presents the soil index property. The samples were classified as lean clay (CL) per the Unified Soil Classification System. The soil specimens were unsaturated with a degree of saturation at 87.9%. Figure 2 shows a schematic of the apparatus designed for simulating freeze-thaw in AGF. A brief description of the device is summarized here. More details can be found in Wang et al. (2017) . This device consisted of a temperature-controlled environmental chamber, specimen tube, top and bottom plates, and a temperature and vertical displacement monitoring system. As the concern of this work was the buried utility pipes and surface structures, which are typically above the freeze pipes used in AGF, the cold plate was located at the bottom to promote a one-way freezing of the soil specimen from bottom to top.
Apparatus for Freeze-Thaw Simulation
The test was carried out in a closed system, that is, with no external water supply and no drainage, to simulate freeze-thaw of clay soils within an undrained boundary, which is valid for the very low permeability of clay and the relatively short time required for freeze-thaw in AGF. The specimen tube of 79.8 mm inner diameter and 120 mm height was made of double-layer Plexiglas with a removable external insulation layer. Soil samples were carefully trimmed to make cylindrical soil specimens 100 mm high and 79.8 mm in diameter to fit with the specimen tube snugly. Freeze-thaw experiments were conducted under four scenarios with the cold plate set at freezing temperatures (referred to as T f ) of −5, −7, −10, or −15 • C (referred to as Case I, II, III, or IV, respectively), and the warm plate at 1 • C, resulting in temperature gradient of 0.6, 0.8, 1.1, and 1.6 • C/cm, respectively. The temperature within the environmental chamber during testing was kept at 1 • C. The thawing temperature was set at 20 • C for all scenarios. No surcharge was applied to the top plate to allow the investigation of structural change due to moisture migration during AGF. The frost heave test is completed until the height change of the sample is less than 0.02 mm in 2 h. After the frost heave test, the upper and lower cold plate supply device were closed, and the temperature of the environment box was adjusted to 20 • C to simulate the thawing of frozen soil in natural environment, the temperature and deformation were recorded in real time. Within 2 h, the height change value of the sample is less than 0.05 mm, and the test is completed. The components of the instrument are dismantled, the sample is taken out and the subsequent test is carried out.
Compression Test Methods for Freeze-Thaw Soil
A uniaxial compression test was conducted on the consolidation apparatus. As the soil samples in this study were taken from an underground depth of about 30 m, the load of the compression test was 1, 12.5, 25, 50, 100, 200, 400 , and 800 kPa. The specific test process was as follows: (1) for the undisturbed clay before freeze-thaw, the soil samples were directly prepared for compression test.
(2) For freeze-thaw clay, compression tests were conducted on samples taken from unloaded specimens after unidirectional freeze-thaw tests. To more directly study the change of compression characteristics along the freezing direction (height of the specimen) at different positions after freezing and thawing, test soil specimens after freeze-thaw were divided into three layers along the height. The compression tests were carried out separately, and the sampling position is shown in Figure 3 .
As the difference of temperature field along the specimen height during the freezing-thawing process, the development of a frozen front occurred, along with the redistribution of moisture field after freeze-thaw. The compression characteristics of specimens would be very different along the height of different freezing temperatures. Compression tests for specimens after freeze-thaw at four different cold-end temperatures were conducted according to the compression test procedure mentioned above. Care was taken to avoid disturbing the soil sample when making the specimen for the compression test with freeze-thaw soil. When cutting the compression sample from the soil column of the freeze-thaw sample, the insertion position of the temperature sensor should be avoided as much as possible, and the sample should be taken as close as possible to the center of the sample.
Mercury Intrusion Porosimetry Tests
Mercury intrusion porosimetry has been routinely used to evaluate the pore-size distribution of powdered and bulk materials with open and interconnected pore structures (Nowamooz and Masrouri, 2012; Zhang et al., 2012 ). An assumption was made that cylindrical flow channels with a radius r exist in the soil, and the radius of the pores are intruded by mercury under an applied pressure, p. For a cylindrical pore, the Washburn Equation can be used to calculate the pore radius (Washburn, 1921) :
where, p is the applied external pressure (psia), σ is the surface tension coefficient of mercury (N/m), taken as 0.484 N/m at normal temperature, α is the infiltration angle of mercury to soil, taken as 130 • , r is the radius of cylindrical pore (m). The mercury intrusion-extrusion testing was performed using an AutoPore 9500 V1.09 MIP device with a maximum intrusion pressure of 60000 PSI (413.7 MPa), corresponding to the measurement of pore sizes as small as 10 −2 µm. In all the intrusion testing, a solid sample pentameter with a volume of 
1 cm 3 and triple-distilled mercury with a surface tension of 0.48 N/m and a contact angle of 141 • (at 25 • C) were used. The freeze-drying technique was used to dehydrate the saturated soil samples for MIP tests. More details of the MIP tests can be found in the provided references (Penumadu and Dean, 2000; Li and Zhang, 2009 ).
An introduction to the methods and procedures for the measurement of pore size distribution will be presented here in detail: The mercury intrusion-extrusion tests in this paper mainly include two aspects: (1) samples were taken from different heights (five layers) of the specimen after freeze-thaw at four cold-end temperature conditions (−5, −7, −10, and 15 • C, expressed as case I, II, III, and IV). (2) The mercury intrusion-extrusion tests were carried out on soil samples before and after compression tests, respectively. Herein, compression tests were carried out on frozen-thawed specimens at three different heights along the height direction and were also carried out on undisturbed soil without freezing-thawing. Mercury intrusion tests were carried out on four types of soil samples before and after freeze-thaw and compression under four different cold-end temperatures. Detailed mercury intrusion-extrusion test grouping is shown in Table 2 . For the four types of soil, a total of 32 MIP tests has been conducted.
As the size of sample for MIP is relatively small in volume, which was about 1 cm 3 . In this paper, the statistics of micro pore change data is based on mathematical statistics, for the Frontiers in Earth Science | www.frontiersin.org soil samples, it is considered that the undisturbed soil in natural is random and uniform. During the mercury injection test, the test conditions and environmental conditions shall be strictly controlled to ensure the repeatability of the test. For this, the following assumptions are needed to consider: (i) The surface tension of mercury and contact angle with solid material are constant during the analysis. (ii) The intrusion pressure must be equilibrium. (iii) Pores are considered as being of cylindrical shape. And (iv) Solids are not subject to deformation under the effect of pressure.
COMPRESSION CHARACTERISTICS OF SOFT CLAY BEFORE AND AFTER FREEZE-THAW Compression Test Results
During the step-by-step compression test, with the increase of loading, the void ratio of the soil sample decreases and the compactness increases, which makes it more and more difficult to be compacted. In this study, the e-lg p curves of samples before and after freeze-thaw under the four frozen conditions are shown in Figure 4 . It can be seen from the figure that the compressive properties of soil samples at different positions along the height of the specimen under four cold-end temperatures showed great differences. For undisturbed soft clay, the distribution of e-lg p curves of four groups of compression tests was basically the same, indicating that the soil used for testing was uniform. The initial void ratio (e 0 ) of natural soft clay was 1.18, and after loading step by step to 800 kPa the void ratio changed to 0.75. Compared with the initial void ratio, it was reduced by 36%. This indicated that the compression capacity of intact soft clay is relatively high.
1It can also be seen from Figure 4 that the variation of the porosity ratio of frozen-thawed soil sample is slightly smaller than that of the natural soil. As the cold-end temperature was −5 • C, the variation of porosity of the topsoil sample was the smallest. It was concluded that freezing-thawing make the compressibility of soft clay change in varying degrees, which were closely related to the freezing cold-end temperature and the distance from the cold end.
Variation of Compression Index
The compression index (C c ) of each test sample can be calculated according to the compression curve, that is, the e-lgp curve shown in Figure 4 tended to be a straight line in the pressure range from 100 to 800 kPa, and C c can be calculated using the slope of line. Figure 5 shows the compression index distribution of soil samples along the height of specimens after freezethaw. The C c of undisturbed soil was 0.33, and it increased or decreased along the different height positions of freeze-thaw specimens under the four cold end temperatures, indicating that the change of C c for frozen-thawed soil was closely related to the cold-end temperature and the distance from the cold end during freezing.
Moisture Redistribution and Soil Structural Change
The water content, void ratio, and dry density of the soil specimen were measured by sampling layers A, B, C, D, and E (refer to Figure 2) , and the changes compared with their respective values before freeze-thaw are presented in Figure 6 for the four cases. More details can be found in Wang et al. (2017) , Wang S. et al. (2018) . The negative pore-water pressure or suction existing in the freezing fringe is anticipated to induce significant moisture migration and redistribution under the unidirectional freeze-thaw experiments in a closed system, and can render an originally uniform soil into a nonuniform soil. The water content, void ratio and dry density of the soil specimen were measured by sampling layers A, B, C, D and E (refer to Figure 3) , and the changes compared with their respective values before freeze-thaw are presented in Figure 9 for the four cases. Note that the dry density and void ratio were obtained at three layers (i.e., A, C and E) due to the test procedure requirement of sample height. It is clear from Figure 9A Frontiers in Earth Science | www.frontiersin.org that the moisture content of the upper portion of the soil specimen decreased, and that of the lower portion increased after freeze-thaw for all four cases. The maximum decrement clearly occurred at the layer closest to the warm end and varied from 2% for Case IV (-15 • C) to 7% for Case I (-5 • C). The maximum increment occurred at varying depths, and ranged from 1 to 2% in a much larger lower portion of the soil specimen for different freezing temperatures. The moisture data indicates a consistent moisture migration from the warm end to the cold end.
SOIL MICRO-PORE STRUCTURE CHANGES

Results of MIP Tests
As shown in Figure 7 , the MIP test results of undisturbed soil samples (denoted as U11, according to Table 2 ) included a mercury intrusion and extrusion curve, and the results of other experimental groups showed the same trend in curve, with the difference being only in the value of the mercury intrusion volume. By analyzing the mercury curve of intrusion and extrusion, it can be learned that the intrusion and extrusion curves do not coincide within a certain pressure range, indicating that some mercury remains permanently in soil pores (Li and Zhang, 2009; Beckett and Augarde, 2013) . This hysteresis is often explained using the well-known "ink-bottle" theory. Pores shaped like ink bottles (a narrow neck that opens to a large bulb) cause this hysteresis effect (Penumadu and Dean, 2000; Moro and Bohni, 2002) .
In this paper, the maximum mercury intrusion pressure was 30000 psi. For the mercury intrusion stage, when the mercury intrusion pressure is relatively low, the volume of mercury intrusion increased slowly, and the intrusion curve was smooth. In the process of mercury intrusion, as the intrusion pressure reached a threshold, which was about 80 psi as shown in Figure 7 , with the increase of pressure, the cumulative mercury volume increased rapidly. The mercury intrusion pressure was greater than 10000 psi until 30000 psi; although the pressure continued to increase at this stage, the cumulative mercury volume growth tended to be gentle. During the whole process of mercury intrusion, the relationship between the mercury intrusion pressure and the cumulative mercury volume shown in the curve reflected the filling process of pores with different pore size of mercury. By analyzing the mercury intrusion and extrusion curves, many quantitative parameters of pores -total pore volume and area, median pore diameter for volume and area, an average pore diameter, porosity, and fractal dimensions, for example -can be converted. Also, many scholars have studied the characteristics of soil using the MIP method (Penumadu and Dean, 2000; Ninjgarav et al., 2007; Romero and Simms, 2009; Hao et al., 2013; Sasanian and Newson, 2013; Tang and Yan, 2015) .
In order to quantitatively study the micro-pore change of clay after freeze-thaw and compression, three characteristic parameters -(1) total pore volume, (2) median pore diameter for volume, and (3) average pore diameter -are used to describe the pore volume change and pore size distribution, with analysis as follows:
Total Pore Volumes
The total pore volume is the total volume of pores measured by MIP at unit mass in units of mL/g. According to the relationship between the pore size and the cumulative intrusion (Formula 1), the pore volume distribution function can be obtained as follows:
where V is the volume of mercury, that is, the total pore volume, and r is the pore size. Then, according to the pore volume distribution function, the total mercury volume, namely the total pore volume, can be calculated by the integral as follows:
(3) Figure 8 shows the total volume of samples after freeze-thaw and compression of the four cases, with a total of 32 MIP tests. Under the four cases, the total pore volume of the undisturbed soil sample after compression was significantly lower than that of the undisturbed soil, indicating that pores of clay were compressed, and some pores were annihilated by compressing. The pore volume of frozen-thawed samples at different locations along the freeze-thaw specimen height for the four cases was obviously different. The general rule under various conditions was that, (1) there were different changes along the height of the specimen after freeze-thaw, and the difference was related to the cold-end temperature and the distance to the cold end, (2) the change of total pore volume after compression was greater than that after freeze-thaw, and (3) the total pore volume changed the most for the compression samples after freeze-thaw, and the difference was also related to the cold-end temperature and the distance to the cold end. As mentioned before, in the previous studies related to this paper (Wang et al., 2017; Wang S. et al., 2018) , freezing necking phenomenon of clay occurred near the warm end of the specimen under different freezing temperature. During the freezing process, the water in the upper portion of the specimen migrated downward under the temperature gradient and resulted in the soil being consolidated under negative pressure from the freezing front movement and moisture migration. This process can be explained from the view of soil micro-pores undergoing pore shrinkage, or the transformation of larger pores to micro-pore or the annihilation of micro-pore occurring. It also verified the existence of freezing-necking from the perspective of microscopic pore change. For the case I shown in Figure 8A , the total pore volume in the middle position of the specimen increased after freeze-thaw, which coincided with the law of moisture redistribution after freeze-thaw. The difference of total pore volume variation under differentials can be explained as follows. With the freezing front moving during the freezing process, the moisture migration and ice lens formation will always exist, the structure of undisturbed soil samples was disturbed, and complicated processes such as the expansion of original pore by phase transformation of water and ice, connection of part of pore and transformation between small and smaller pore appeared. Moreover, it was noteworthy that the pores of soft clay were easier to be compressed and the sensitivity of soil was increased after freeze-thaw samples were subjected to external forces. FIGURE 10 | Average pore size distribution for soil samples with condition: (A) undisturbed, (B) after compressing, (C) after freezing-thawing, (D) after freezing-thawing and compressing. Consolidation test, freeze-thaw test, and consolidation test.
Median Pore Sizes
The median pore diameter, also known as the most probable pore size, is the place where the pore distribution corresponding to a certain pore size is the most concentrated, and the pore size corresponding to the highest peak of the pore distribution and the pore occurrence probability is the largest. In this study, the calculation of the median pore diameter was based on the volume of pores.
The variation of median pore size of each sample after freezethaw and compression of the four cases is shown in Figure 9 . It was obvious that the median pore size of samples after freezethaw varied greatly with the frozen cold-end temperature and the distance from the cold end. Different from the total pore volume change shown in Figure 8 , the median pore size after compressing, freezing-thawing, and compressing is smaller than that of undisturbed soil samples, and the effect of freeze-thaw on the median pore size changing is relatively less. Compared with the undisturbed soil sample, the median pore size of freezethaw samples changed regularly along the height of specimens for the four cases. For case I shown in Figure 9A , after freezingthawing, the median pore size of the upper part of the specimen decreased by about 50%, and the lower part of the specimen increased by 1.4 times as much as the undisturbed soil, while the middle part increased slightly but changed only slightly. For the other three cases, the curve moves to the right as the cold end temperature is lower, that is, the median pore size decreased smaller at the upper and increased lager at the lower of the specimen with the cold-end temperature lower. It also reflects that the distribution trend of pore volume after freeze-thaw and compression is pore size transformation. For the upper part of the freeze-thaw specimens and the compressed soil sample, the macrospores are transformed into small pores. Meanwhile, the large pores in the soil near the bottom of the specimen increase, and the pore space of the soil itself is connected or expanded.
Average Pore Sizes
The average pore size is equal to the corresponding pore volume and the corresponding specific surface. The result is obtained from the simplified cylindrical pore. The mean pore diameter can be calculated as follows:
where k is the coefficient related to the shape of the selected pore model. In this paper, the MIP test assumes that if the pore is cylindrical, then k is 4, and if it is a plane plate model, then k is 2. Furthermore, V is the total pore volume and S is the total pore surface area, which is the sum of the equivalent surface areas of all pores under the unit mass of the test sample. Results presented in Figure 10 are the average pore size distribution of all the 32 MIP testing samples, which were similar to the variation of total pore volume and median pore size. The average pore size of the soil sample after compression decreased by 20%, and that after freeze-thaw and compression decreased by about 40%. After freeze-thaw, the average pore size of the specimen increased or decreased along the specimen height, the difference of cold-end temperature, and the distance from the cold end. The maximum change was still case I, shown in Figure 10A ; the average pore size of the upper part of the freeze-thaw specimen decreased 14%, while that of the lower part increased by about 17%. For case IV shown in Figure 10D , the average pore size of the upper part of the specimen remained unchanged, while that of the lower part increased slightly, with little change.
DISCUSSION
Change of Micro-Pores in Clay After Freeze-Thaw and Compression
As mentioned above, freeze-thaw and compression tests of undisturbed clay were carried out, and the total pore volume, median pore size, and average pore size were obtained by mercury intrusion tests. The results presented in the previous section indicate that the compressive deformation characteristics of frozen-thawed soil closely related to the changes of micro-pore parameters. Figure 11 illustrates the mechanism for micro-pore changes in clay under freeze-thaw and compression.
According to the classical theory of soil mechanics, there are three components of soil, including the soil skeleton, pore, and water filled in pore (Terzaghi et al., 1948 (Terzaghi et al., , 1965 . Under the action of an additional load, the soil is compressed. At this time, the soil skeleton is squeezed, the pore between particles is squeezed smaller, and the water in part of the pore is excluded and the soil is consolidated (Figures 11A,B) . In the process of freezing-thawing, the effect of temperature field varies with time, which is accompanied by the effect of ice formation in the frozen zone, with the movement of the freezing front and the moisture migration under the action of negative pressure in the unfrozen zone. Under this effect, the pores of soil near the cold end are enlarged under the action of ice formation, and the pores are squeezed as the soil skeleton is under the negative pressure far away from the cold end (Figure 11C) . Finally, the consolidation test of frozen-thawed soil samples was carried out. At this time, due to the disturbance of pores and soil particles caused by freeze-thaw ice formation and water migration, the sensitivity of soil is increased, and the pores between soil particles will be further compressed under external forces (Figure 11D) . This process can be more intuitively displayed by means of a scanning electronic microscope, and the results will be reported in a separate paper.
Limitations and Engineering Implications
The soil skeleton structure is under the function of threedimensional stress of the stratum and keeps its inherent structure shape, in the natural state. In this paper, in order to show the change of soil pore under freeze-thaw and compression more faithfully, the original soil samples were tested, ignoring the influence of disturbance on soil pore structure caused by the sampling and sample preparation process. Furthermore, as the sample size of MIP is small, to avoid the influence of the structure difference of soil samples in different states, the mercury intrusion test data in all states were obtained by three groups of parallel tests with average values.
SUMMARY AND CONCLUSION
This study (1) presents MIP data on a clay specimen before and after a one-directional freeze-thaw test in a closed system and physical property data obtained using conventional laboratory testing of samples from different locations within a specimen;
(2) analyzes the micro-pore change of clay after freeze-thaw and compression using three characteristic parameters, including total pore volume, median pore diameter for volume, and average pore diameter; (3) demonstrates how MIP data can be used for the quantitative assessment of local changes in micro-pores. The following conclusions can be drawn:
(1) The compression index varies with the height and location of the specimen after freeze-thaw with different coldend temperatures.
(2) The mercury injection pressure threshold exists in the clay, there is hysteresis in the stage of mercury removal, and the micro-pores of soil contains ink-bottle type pores.
(3) The total pore volume, median pore size, and the average pore size are closely related to the cold-end temperature, the distance from the cold end, and the compression effect. (4) There are close correlations between the variation of micro-pore parameters and variation of compression index, pore ratio, water content, and density. (5) Quantitative changes of micro-pores under freeze-thaw and compression can be related to the consolidation principle of soil mechanics and the principle of moisture migration driven by negative pressure in the freezethaw process. Additional testing for soil micro-structure observation and image analysis, and the characterization of other soil types, should be conducted.
